Fracture repair is a complex process that involves the interaction of numerous molecular factors, cell lineages and tissue types. These biological processes allow for an impressive feat of engineering: an elastic soft callus is progressively replaced by a more rigid and mineralized callus. During this reparative phase, the healing bone is exposed to a risk of re-fracture. Bone volume and bone quality are the two major factors determining the strength of the callus. Although both factors are important, often only bone volume is analyzed and reported in preclinical studies. Recent developments in techniques for examining bone quality in the callus will enable the rapid and detailed analysis of its material properties and its microstructure. This review aims to give an overview of the methods available for quantitatively phenotyping the bone callus in preclinical studies such as Raman spectroscopy, nanoindentation, scanning acoustic microscopy, in vivo micro-computed tomography (micro-CT) and high-resolution micro-CT. Consolidated and emerging experimental methods are described with a focus on their applicability, and with examples of their utilization.
Introduction
Fracture risk is increasing worldwide with the aging population. 1 High-trauma fractures and fractures in the elderly, mainly due to osteoporosis, are challenging to manage. Bone nonunion and re-fracture are the most common postfracture problems. Where early bridging does occur, it is of critical importance to establish sufficient bone stability and prevent infection. In addition, interventions aimed at increasing bone formation and decreasing excessive or premature resorption have a crucial role for daily clinical management.
Currently, there are two major approaches for augmenting fracture repair: biophysical or pharmaceutical. Biophysical strategies point toward increasing bone anabolism (bone formation) using exogenous, nonchemical stimuli such as ultrasound, shockwaves, low-magnitude high-frequency vibration and electromagnetic field stimulation. 2 Although these strategies have shown promise in preclinical models and individual clinical studies, they have not been widely adopted as frontline treatments for the majority of fracture cases. On the other hand, the general strategy of pharmaceutical approaches is to increase bone tissue quantity either by shortening the time for union or by increasing the strength of union through modulation of bone formation or resorption. For both approaches, it is essential to examine the underlying anabolic and catabolic (bone resorbing) processes, which influence bone repair capacity. 3 The efficacy of the treatments for augmenting fracture repair and their effect on bone quantity is usually tested in preclinical studies on animal models. However, in many of these experiments, only a limited number of bone calluses per group and/or per time point are usually analyzed, and the biological intersample variance makes the analysis of the differences in the resistance to re-fracture challenging. Therefore, toward a complete characterization of the bone callus, methods to systematically assess the changes in the structure and the material properties of the regenerating bone tissue are needed. This will help to better understand the effects of a particular treatment strategy supporting bone fracture repair.
Besides helping to characterize the resistance to re-fracture, these methods already told us much about how the callus develops in terms of collagen organization, material properties, micromechanical properties and architecture. As new treatments for fracture repair sometimes involve unknown biological changes, a deeper analysis of the structure could also help in better understanding the working principles.
For instance, collagen organization was found to be different from lamellar bone and to gradually develop toward a more organized pattern. 4, 5 Material properties of the newly generated bone tissue were also found to be different from lamellar bone, as the callus is usually less mineralized and the mineral particle size seems to increase during fracture healing, and then decrease again at the late stage of bone remodeling. 4 The micromechanical properties of the callus gradually improve during the remodeling phase. 6 Moreover, the mineralized struts architecture was found to largely change during the development, and the trabeculae forming the callus greatly change in number and shape during the whole reparative process. 7 A brief description of the bone healing process will be presented in the following section. Subsequently, the techniques to assess fracture repair quality will be reviewed.
Biology and Biomechanics of Fracture Repair
Fracture healing is a sophisticated process that progresses along both the spatial and the temporal axis. Microfractures or rigidly fixated opposing bone surfaces can heal by primary or direct bone healing, which involves remodeling without any external tissue formation. 8 In contrast, many clinically managed fractures of long bones heal by endochondral ossification. 1 After the creation of a fracture hematoma and a reparative inflammatory phase, a cartilaginous soft callus is formed. The soft, cartilaginous callus is then gradually replaced by woven bone of the developing hard callus. This structure will be eventually resorbed, while lamellar bone is built up, such that the architecture and the overall shape of the original long bone is restored ( Figure 1 ). 9 Biomechanically, the properties of a bone fracture site evolve as the stages of fracture healing progress. During the early inflammatory phase, the hematoma or fibrin clot provides little mechanical stability. At this stage, the callus is mechanically weak and the structure is chiefly supported by the muscles surrounding the bone, which will contract in an effort to stabilize the fracture gap. Formation of the soft callus provides some additional strength, but the structure is largely flexible and it is incapable of carrying any significant load. As endochondral ossification proceeds, the hard callus forms and this is progressively transformed into a hard and resistant structure. During this transformation, it passes through the formation of woven bone, which is the earliest form of bone tissue with correspondingly low strength, to lamellar bone with superior mechanical characteristics.
During fracture healing, the relative proportions of granulation tissue, cartilaginous tissue, as well as woven and lamellar bone, progressively shift. These tissues are of different quality, that is, they have varying structural and material properties. Together with their extension, the quality of these developing tissues ultimately determines the strength of the callus and the repaired bone tissue ( Figure 2) .
Much of the insight into the biology and biomechanics of fracture repair has emerged from animal experiments. Rodent models are of prime importance as they are inexpensive, easy to breed and because a relatively high number of animals can be bred concurrently. 10 Such rodent models allow inducing reproducible fracture patterns or bone defects in a manner that is not achievable in a clinical setting, where injuries are highly heterogeneous. Mouse models, in particular, can be used for 
Measurement of Bone Quality
The examination of bone properties can be performed at a variety of hierarchical levels, from the macroscale down to the nanoscale. One concept that is particularly pertinent to characterize bone competence is that of bone quality, which originates from the field of osteoporosis research. It was noted that although the quantity or density of bone can be highly predictive for fracture risk, 11, 12 other factors likely influence bone strength. 13 It is recognized that changes in bone architecture and material properties at different hierarchical levels can negatively influence bone quality, leading to increased bone fragility. 14 It is important to notice that there is a discrepancy in the literature regarding the use of the term bone quality. Some researchers define bone quality as the combination of all parameters determining whole bone strength, including bone mass. In this review, a clear distinction is made between bone mass and bone quality, which is determined by distribution of bone mass (architecture/geometry/dimensions) and bone material properties (for example, mineralization, collagen properties, microdamage). Different techniques are used to describe bone mass and bone quality or a composite of these two factors, which influence bone competence. For example, for whole bone mechanical testing (for example, four-point bending), both bone quantity and quality factors are important, whereas nanoindentation mainly sheds light on bone quality. The most common approaches to quantify the different determinants of bone competence encompass bone imaging and mechanical testing modalities.
In clinical practice, bone fracture risk is usually monitored with radiographic scanning techniques such as dual-energy X-ray absorptiometry, where bone mineral density is assessed. Other techniques that allow assessing bone quality in patients, such as high-resolution peripheral quantitative computed tomography measuring bone microarchitecture or reference point indentation examining in vivo tissue mechanical properties, are under ongoing development. 15, 16 In case of fracture, it is important to ensure that the bone is properly healing. Radiography can help diagnosing whether the bone has a problem to reunite (nonunion), which is a failure of healing that affects around 10% of people experiencing a bone fracture. 17 When the bone achieves to bridge, bone volume is a commonly adopted criteria for monitoring the healing response.
In animal studies, other measures that are critical for bone competence are often evaluated along with bone mass. To measure the amount of calcified tissue at a certain skeletal site, micro-computed tomography (micro-CT) has emerged as a key technology. 18 In these studies, micro-CT allows rapid measurement of specimens varying in size (a few millimeters up to a few centimeters), providing information regarding bone mass (distribution), three-dimensional (3D) microarchitecture and local mineralization in terms of hydroxyapatite content. Other twodimensional (2D) methods, chiefly histology and light microscopy, are used to examine other tissue types including granulation tissue or cartilage present at the early stages of bone repair. 19 Histology is a destructive and often labor-intensive process, which yields data that lack a 3D context. 20 Thus, a combination of histological and CT approaches can be used in concert to describe a specimen in a more integral manner.
Finally, mechanical testing is important to interpolate how bone quantity and quality account for bone competence. In other words, mechanical measures describe bone competence, which is determined by a combination of factors such as bone mass, architecture/geometry/dimensions and material properties. The maximal force that a sample can bear, the energy to failure or the information on strength and stiffness are common outputs from whole-bone mechanical testing. One challenge in the field remains a lack of standardization regarding the mechanical tests that are all routinely used to assess long bone strength, 10 for instance by three-point, four-point and torsional testing. Although torsional testing might be ideal for whole bones, after fracture, the callus can be stronger than the surrounding bone. If this is the case, failure occurs outside the callus and the data recorded do not relate to the callus. Threepoint and preferably four-point bending isolate the callus as the region being tested, which is an advantage over torsion. However, the disadvantage is that the test relates to only one randomly selected plane. As every mechanical test has its pros and cons, it is nearly impossible to find a universally accepted consensus.
A range of alternative or more advanced methodologies have emerged to examine bone quality in preclinical animal experiments in the past decades. These techniques improved the investigation of the microarchitecture (for example, in vivo micro-CT), the material properties (for example, Raman spectroscopy) or the mechanical bone properties (for example, nanoindentation). These methods will be subsequently reviewed in greater detail. A summary of the techniques mentioned in this review is illustrated in Figure 3 . Granulation tissue is the only tissue present in the fracture gap shortly after fracture. After a few days, the fibroblasts in the granulation tissue make way for chondrocytes producing cartilaginous tissue. Bone formed by intramembranous ossification will appear within the first few days after fracture. About 2 weeks later, the cartilage formed in the fracture gap will start mineralizing to be converted into lamellar bone by endochondral ossification. 1 Quantitative phenotyping of bone fracture repair M Casanova et al
Assessment of Fracture Callus Quality
Some of the techniques that are used to investigate bone quality have recently been applied to regenerating bone. Unfortunately, literature discussing the assessment of callus quality in clinical scenarios is still very scarce. On the other hand, techniques for determining callus quality in preclinical studies are emerging. As this is a field of recent development, currently there is no established strategy to assess and describe the quality of the callus. In particular, there is a lack of direct comparisons as to how fracture callus quality-in terms of microstructure and material properties-can influence or correlate with whole bone strength. We will briefly discuss the current status regarding assessment of fracture callus quality, followed by an outlook on promising techniques and methods, which will help describe the properties of the callus that are (potentially) important for the competence of the whole bone.
Current status for the assessment of fracture callus quality The assessment of the quality of the healing bone tissue, and especially the quality of the developing callus, represents a challenging task because we are confronted with a complex mix of tissues, which are rapidly evolving over time. Therefore, a thorough examination of the fracture healing process in terms of callus quality must not be focused on static measures only, but should include observations at the different stages during fracture healing (Figures 1 and 2) . Different studies on fracture calluses have revealed a correlation between local material or mechanical properties and resistance to re-fracture. 18, 21 These discoveries are not only important for deepening our understanding of the role of bone callus quality, but are also important for avoiding an erroneous overestimation of the influence of bone callus quantity on resistance to re-fracture. For example, treatment with a bisphosphonate that increased bone mineral content and bone volume did not correlate in a linear manner with whole-bone mechanical strength with particular dosages and posology. [22] [23] [24] This suggests that specific interventions can increase bone quantity, but generate bone of inferior quality. However, to date, there is no established strategy to assess and describe the quality of the callus. In particular, there is a lack of direct comparisons as to how fracture callus quality-in terms of microstructure and material properties-can influence or correlate with whole bone strength.
Few indicators of bone quality are regularly considered in preclinical studies. The moment of inertia and the polar moment of inertia are possibly the only bone quality parameters that are frequently assessed. These descriptors are usually easily extrapolated from the micro-CT analysis of the healing bone together with the callus mass information. However, their value on the description of bone quality is still controversial, with studies reporting an absence of correlation with resistance to re-fracture 18, 25 and a recent study by O'Neill et al. 26 showing a significant correlation.
In the following section, methods for assessing bone quality will be reviewed. These may give important insight into the mechanisms underlying regenerating bone competence, and may help guide future interventions to improve bone repair. An overview of the techniques for investigating bone callus mass and callus quality in preclinical studies is presented in Table 1 .
Assessment of fracture callus structure Assessment of the hard callus microstructure. The calculation of morphometric indices (called quantitative morphometry) is a standard method for describing trabecular bone microarchitecture. 27 Indices such as trabecular number (Tb.N), trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), degree of anisotropy (DA), connectivity density (Conn.D), standard deviation of trabecular thickness (Tb.Th.SD) and of the trabecular separation (Tb.Sp.SD) have been shown to be predictors of the resistance to fracture of bone. 27 Recently, these trabecular measures were used by Mehta et al. 7 to evaluate the mineralized struts of the callus in the late reparative phase, which correlated with the resistance to re-fracture. Moreover, the authors showed that a combination of the morphometric measures mentioned beforehand predicted the resistance to fracture as good as basic bone quantity parameters such as bone volume fraction (BV/TV). These results Morphometric indices of trabecular structures can be assessed together with bone callus quantity parameters using micro-CT. In rodent models, the whole callus has to be scanned with a resolution below 10 mm to reliably image small trabeculae. 28, 29 To achieve this resolution, high-resolution micro-CT (HR micro-CT) is needed. HR micro-CT could also be used to assess whether complete bridging of mineralization across the callus or defect has occurred. This is an important issue that is usually overlooked in the analyses of the callus, where bone mass is used as an indicator of the healing progress. Algorithms for HR micro-CT that take into account the location and the extent of strut bridging across the callus will enable a better estimation of the resistance to re-fracture.
Assessment of soft tissue fraction of the fracture callus. The cartilaginous tissue present in the callus is pivotal in the first stage of the healing process, as it provides initial stability across the fracture gap. 30 Therefore, a tool that is able to identify and quantify cartilage in the soft callus would provide benefits in the assessment of fracture repair. A promising imaging approach is micro-magnetic resonance imaging (micro-MRI). Micro-MRI Abbreviations: BMD, bone mineral density; BS, bone surface; BS/BV, specific bone surface; BS/TV, bone surface density; BV, bone volume; BV/TV, bone volume fraction; Conn.D, connectivity density; DA, degree of anisotropy; EDX, energy-dispersive X-ray spectroscopy; FTIR, Fourier transform infrared imaging; HR, high-resolution; micro-CT, micro-computed tomography; micro-MRI, micro-magnetic resonance imaging; qBEI, quantitative backscattered electron imaging; SAM, scanning acoustic microscopy; SAXS, small-angle X-ray scattering; 2D, two-dimensional; Tb.N, trabecular number; ; Tb.Sp, trabecular separation; Tb.Sp.SD, standard deviation of the trabecular separation; Tb Th.SD, standard deviation of trabecular thickness; TV, total volume; Tb.Th, trabecular thickness; SMI, structure model index.
Quantitative phenotyping of bone fracture repair M Casanova et al provides good contrast for soft tissues, which are abundant in the young fracture callus. However, resolutions of micro-MRI measurements are in the order of 100 mm (in the longitudinal direction), which is rather low compared with desktop micro-CT in the micrometer regime. 31 In addition, strong magnetic fields have been suspected of interfering with bone healing processes. 32 Consequently, the application of micro-MRI for the assessment of bone repair is still limited in preclinical studies. Micro-CT could be possibly used in the future for the evaluation of the soft tissues present in the callus. Recently, Hayward et al. 33 developed a contrast-enhanced protocol for micro-CT imaging of the soft callus in an ex vivo setting. Alternatively, phase contrast-based CT might allow the assessment of soft tissues without the need to introduce contrast agents before scanning. 34 In vivo assessment of fracture callus structure. An exciting advancement in bone research is the application of in vivo micro-CTscanners for animal models. 35 In vivo micro-CTwould allow tracking fracture callus structure in the same animal at multiple time points during the fracture healing progression. It could therefore substitute ex vivo micro-CT and reduce time, costs and number of animals in cross-sectional studies. The identification or development of appropriate biocompatible contrast agents for ex vivo micro-CT 33 may allow for an improvement for in vivo micro-CT scanning of the fracture callus, similarly as gadolinium did for magnetic resonance angiography.
Although in vivo micro-CT allows for unique insights into the longitudinal assessment of bone repair, a number of limitations have hindered its widespread adoption. First, metal implants are often used in fixation, which can block/scatter X-rays and reduce or prevent high-quality image capture. Secondly, the resolution offered by in vivo micro-CT is lower than that for ex vivo micro-CT owing to X-ray dose considerations for in vivo measurements. Finally, frequent animal narcosis required to assess bone development in a time-lapsed manner can result in additional deaths/exclusions and may adversely affect bone healing. 36 Assessment of collagen orientation in the callus. The direction of collagen fibers has been shown to contribute to bone quality. 14 In the callus, this factor is likely to have a role in the resistance to re-fracture. 5 Many techniques have been used to determine collagen fiber orientation in bone and cartilage, and they are potentially helpful for callus characterization. These include polarized light microscopy, Raman imaging and small-angle X-ray scattering (SAXS).
Polarized light microscopy uses polarized light, which enhances image contrast of birefringent systems. This technique gives access to the ultrastructural organization of biological tissues, such as the lamellar structure, owing to the collagen orientation in bone tissue. 37 Raman imaging uses the scattering of monochromatic light-typically laser light-to extrapolate the orientation of collagen fibers, 38 where different spectra are retrieved based on the collagen alignment. 37 More recently, Raman imaging has been applied to analyze collagen orientation during the early stages of bone fracture healing in rats. 5 High level of organization of the collagen fibers within the mineralized tissue was already found at early stages of fracture repair. Moreover, in the rodent model adopted, the fractured cortical bone showed signs of remodeling already three weeks after fracture. Finally, in SAXS, elastically scattered X-rays of the specimen provide local information about the periodicity and the orientation of the collagen fibers. SAXS can be challenging to adopt, as it requires an advanced laboratory SAXS instrument or access to a SAXS setup at a synchrotron light source. Recently, SAXS has been successfully applied to determine the collagen orientation in a sheep callus, 39 where a progressive alignment of the collagen in the callus was found, parallel to the main direction of the long bone.
Assessment of fracture callus material properties
For characterization of the callus material properties, Raman spectroscopy, Fourier transform infrared imaging (FTIR), quantitative backscattered electron imaging (qBEI) and energy-dispersive X-ray spectroscopy (EDX) are potential candidates. 40, 41 Both Raman spectroscopy and FTIR measure partially overlapping subsets of the specimen's vibrational spectrum, 42 and they give access to important bone quality factors by describing the quality of the newly formed bone tissue of the callus, such as the mineral-to-matrix ratio, the carbonate-tophosphate ratio and collagen cross-linking. 43 The mineral-tomatrix ratio could be used to determine the changes in mineralization in specific regions of the callus, and the carbonate-to-phosphate ratio could provide important insights into callus quality as it varies depending on the architecture of the collagen tissue, its age and its mineral crystallinity. 41, 44 Collagen can be considered to be the backbone of the bone's mineral structure, and it is therefore an important factor for assessing bone strength. 14 Collagen cross-linking can be detected by changes in the amide I envelope of the spectra, which are strongly correlated to the bone collagen maturity. 39 For the fracture callus, it means that non-completely mineralized areas present during the first stages of the reparative phase could be evaluated based on their collagen structure, which will show different levels of maturity. Recently, Meganck et al. 45 applied Raman spectroscopy to calluses to analyze the effect of bisphosphonates on bone material properties for two different mouse models. The study showed that there was no significant change in the mineral-to-matrix ratio, but there were significant changes in crystallinity between the two mouse strains. Meganck et al. also noticed a high intragroup and intrasample variation in the calluses in mineral-to-matrix ratio, crystallinity and carbonate-to-phosphate ratio. Nonetheless, Raman spectroscopy has been shown to be a powerful tool to detect changes in material properties in murine bones interacting with bisphosphonates. 46 Therefore, spectroscopic techniques have a potential application to assess the quality of healing bone tissue, which can help understanding how treatments influence its recovery. 47 Backscattered microscopy or qBEI is a form of scanning electron microscopy where backscattering of incident electrons colliding with atoms of the sample is recorded, with the goal of estimating the local bone mineralization level. 29 This technique was successfully applied for investigating the mineralization degree in the healing callus. 48 EDX is a technique applied to study the atomic composition of a sample by analyzing the emission of characteristic X-rays through an energy-dispersive spectrometer. 29 EDX can be particularly helpful to detect specific elements in the callus, which cannot be discerned by Raman spectroscopy or by FTIR. For example, 49 used EDX for investigating the presence of strontium ranelate in the callus after specific treatment with this drug. As EDX can detect the presence of specific atoms, it is particularly suited for studies involving treatments, which involve exogenous atoms (that is, strontium).
Assessment of callus biomechanics
There exist several widely used techniques for measuring local biomechanical properties of bone tissue. Probably the most common techniques are nanoindentation 50 and scanning acoustic microscopy (SAM). 51 For nanoindentation tests, a diamond tip penetrates the specimen up to a certain depth and the exerted forces are recorded to extrapolate the mechanical properties. 50 Leong and Morgan 52 investigated the local mechanical properties of rodent callus via nanoindentation, demonstrating the usefulness of this technique in characterizing the heterogeneous mixture of tissues present in the callus. In contrast, SAM uses measurements of a sample's reflection of acoustic waves to derive its stiffness. 54 SAM was already successfully adopted for investigating the relationship between resistance to fracture and local mechanical properties in ovine calluses. A strong correlation between the two parameters was found. 54 Both techniques provide the stiffness of the region under investigation at high spatial resolution. Compared with SAM, nanoindentation has the advantage to concomitantly extrapolate the elastic modulus and the hardness of the investigated tissue, 55 which is not possible with SAM. Moreover, nanoindenters are more widely spread at universities and in research centers, and therefore more likely to be adopted in preclinical or clinical studies. This is supported by the much higher number of studies conducted using nanoindentation instead of SAM for retrieving bone stiffness.
Conclusions
This review has presented a range of different techniques used in the analysis of bone callus quality. In some cases, these methods have already been applied to the study of bone repair; for others, their application has been more limited in the research field of fracture healing. Micro-CT and biomechanical testing are routinely applied for fracture studies; however, methods for structural analysis (for example, HR micro-CT) and for measuring material properties (for example, Raman spectroscopy or nanoindentation) are still uncommon. In the literature, there are often strong correlations described between the outcomes of different techniques, such as between structural data from micro-CT and material properties from mechanical tests or between elastic modulus from nanoindentation and tissue mineral density extrapolated from micro-CT measurements. 6, 7, 18 The comparison of multiple testing modalities will be important to decide which methods are most appropriate to quantitatively describe the regenerating bone tissue.
Owing to biological variability, all calluses are to some extent at different healing points, even if the elapsed time after fracture is equal. Moreover, the callus can have local differences that vary depending on the tissue property considered. For this reasons, it is important to determine the impact of these differences on the variance of the results from the techniques describing callus quality. This will facilitate determining the correct number of samples and sampling size. For instance, assessment of the callus using Raman spectroscopy is subject to a high local variance within a specific sample, which is still not completely investigated.
The technologies for the investigation of bone tissue are rapidly evolving, and hence it is a challenge to establish a standard for the characterization of fracture healing. However, the high heterogeneity of the callus tissue has been shown to require more than merely mechanical testing and assessment of bone volume for estimating its quality and relevance for risk of bone re-fracture. On this account, we are convinced that in the next few years several of the methods mentioned in this review will be adopted in preclinical studies focused on fracture healing.
